Difference in Striga-susceptibility is reflected in strigolactone secretion profile, but not in compatibility and host preference in arbuscular mycorrhizal symbiosis in two maize • Strigolactones released from plant roots trigger both seed germination of parasitic weeds 3 such as Striga spp. and hyphal branching of the symbionts arbuscular mycorrhizal (AM) fungi. 4
Introduction 23 24
The root parasitic weeds, witchweeds (Striga spp.) occur mainly in sub-Saharan Africa and 25 pose the greatest economic threat to agriculture in the area (Parker, 2012) . The seeds of Striga 26 spp. germinate only when chemical stimulants from plant roots are perceived, and among 27 known stimulants, strigolactones are one of the strongest; they induce seed germination at a 28 concentration as low as 10 -12 M (Kim et al., 2010) . Since the isolation and structural 29 elucidation of the first strigolactone, strigol, from cotton root exudates (Cook et al., 1966 (Cook et al., , 30 1972 , more than 20 strigolactones have been characterized across the plant kingdom (Kisugi 31 et al., 2013; Xie et al., 2013) . Striga spp. widely prevail in nutrient-poor soils, and fertilizer 32 application generally decreases their emergence (Raju et al., 1990; Jain & Foy, 1992; Cechin 33 & Press, 1993; Mumera & Below, 1993; Abu Irmaileh, 1994) . It has now been widely 34 accepted that deficiency in mineral nutrients, especially phosphorus (P) and nitrogen (N), 35 promotes strigolactone exudation (Yoneyama et al., 2007a (Yoneyama et al., ,b, 2012 López-Ráez et al., 2008; 36 Jamil et al., 2012) . 37
Most terrestrial plants associate with arbuscular mycorrhizal (AM) fungi and take 38 up a significant proportion of P via the fungi, particularly under P-deficient conditions (Smith 39 & Read, 2008) . Strigolactones stimulate not only the seed germination of the parasites but 40 also hyphal branching of AM fungi (Akiyama et al., 2005) , which increases probability of 41 contact between the fungi and the roots. Therefore, plants increase strigolactone exudation 42 under conditions of nutrient deficiency as they need to attract AM fungi. 43
Quantitative and qualitative differences in strigolactone composition are likely to be 44 critical for triggering interactions with the parasitic/symbiotic organisms (Jamil et al., 45 2011a,b) . In AM associations, strigolactone-deficient pea (Gomez-Roldan et al., 2008) and 46 tomato (Koltai et al., 2010) mutants were less compatible to AM fungi i.e. showed 47 significantly lower levels of colonization than the wild types. Not only quantitative 48 differences but also structural differences in strigolactone critically affect hyphal 49 branching-stimulatory activity; 5-deoxystrigol, a nonhydroxy-strigolactone, was 30-fold more 50 active than sorgomol, a hydroxy-strigolactone, in an AM fungus Gigaspora margarita 51 (Akiyama et al., 2010) . In the parasite-plant interactions, Striga-susceptible sorghum cultivars 52 mainly exuded 5-deoxystrigol (Awad et al., 2006; Yoneyama et al., 2010) , whereas sorgomol 53 was the major strigolactone exuded by a Striga-resistant cultivar (Yoneyama et al., 2010) .
These observations led us to raise an important question; whether susceptibility to the 55 parasitic plants correlates with compatibility to AM fungi. That is, more resistant genotypes 56 that attract Striga spp. to lesser extents may attract AM fungi to lesser extents, which would 57 potentially have a negative impact on crop productivity, particularly in nutrient-poor soils. 58
Although AM fungi show no apparent host specificity/preference in single 59 species-based inoculation experiments (Smith & Read, 2008) , different plant species harbor 60 different AM fungal assemblages in the field (Sanders, 2003) . On the other hand, it has been 61 well documented that strigolactone composition in root exudates is qualitatively and 62 quantitatively different among plant species/cultivars (Yoneyama et al., 2008 (Yoneyama et al., , 2011 (Yoneyama et al., , 2012 63 Jamil et al., 2011a,b) , and in several holoparasitic Orobanche spp. that show strict host 64 specificity, seed germination occurs only when the seeds are exposed to the root exudates 65 from their host plants (Fernández-Aparicio et al., 2009 ). These observations suggest that 66 strigolactones, at least in part, mediate host-parasite specificity (Xie et al., 2010) , leading us 67 to hypothesize that strigolactones also act as a selective factor in the process of AM fungal 68 colonization, that is, strigolactones mediate host specificity/preference in the symbiosis. To 69 examine this hypothesis, the same plant species that exude different strigolactones are ideal 70
material. 71
In the present study, the hypothesis that qualitative and quantitative differences in 72 strigolactone composition are involved in compatibility and host preference in AM symbiosis, 73 particularly under P-deficient conditions in which strigolactone exudation is enhanced, was 74 addressed. To test the hypothesis, strigolactones exuded by two maize cultivars that differ in 75 Striga-susceptibility were first characterized qualitatively and quantitatively by means of S. 76 hermonthica-germination assay and LC-MS/MS. Secondly, responses of AM fungal 77 community to the two contrasting cultivars were investigated using three natural AM fungal 78 populations originated from arable soils with distinct P fertility. 79
80

Materials and Methods 81 82
Plant material and chemicals 83
Pioneer 3253 and KST 94 are Striga-susceptible and -resistant cultivars, respectively, of 85 maize (Zea mays L.) selected by the International Maize and Wheat Improvement Center
Responses of arbuscular mycorrhizal fungal community 120
To examine responses of diverse AM fungal communities, a glasshouse experiment using two 122 arable soils that differ in P fertility was conducted in addition to a field experiment. For the 123 glasshouse experiment, 120 kg of soil was collected from each of the experimental fields in 124
Hokkaido University (H-soil) in Sapporo and Utsunomiya University (U-soil) in Utsunomiya, 125
Japan. The level of available P in the U-soil was an order of magnitude lower than that in the 126 H-soil (Table S1 ). The H-soil and U-soil were mixed with autoclaved river sand at ratios of 127 2:3 and 1:1 (v/v), respectively, and used as culture media. Seeds of the susceptible and 128 resistant cultivars were surface-sterilized, sown in the soil-sand mixtures in plastic pots (18 129 cm in diameter, 15 l in volume), thinned to one plant per pot a week after sowing, and grown 130 for 5 wk in a temperature/humidity/light-controlled glasshouse (26°C, 60% relative humidity, 131
14-h day length) (n = 4). The roots were harvested from each pot separately and washed with 132 tap water. For the field experiment, seeds of the two cultivars were sown in a plot (1 × 5 m) at 133 a 50 : 30 cm (interrow : intrarow) spacing on 9th June 2011 (four plants per row, ten rows for 134 each cultivar) in the experimental field of Utsunomiya University. The available P level of the 135 field soil was four-fold higher than that of the H-soil (Table S1 ). After 52 d, a plant was 136 randomly chosen from each of the 10 rows (ten samples). The root system was collected from 137 an area of 30 cm in diameter × 20 cm in depth, and about 30 g of fine roots was collected 138 from each plant separately and washed with tap water. 139
In both experiments, the root samples were cut into 2-3 cm segments immediately 140 after harvest, randomized in water, collected on a sieve, and divided into two subsamples. 141
One-half of the sample was frozen in liquid nitrogen, freeze-dried for 2 d, and stored at -30°C 142 for DNA extraction, and the other half was stained with trypan blue for the assessment of 143 mycorrhizal colonization by the gridline intersect method (Giovannetti & Mosse, 1980) . DNA 144 was extracted from the freeze-dried roots with DNeasy Plant Mini Kit (Qiagen), and a partial 145 sequence of fungal large subunit (LSU) ribosomal RNA gene (rDNA) was amplified with the 146 eukaryote-universal forward and the fungi-specific reverse primers (Table S2) according to 147 Kawahara & Ezawa (2013) . In the glasshouse experiment, each PCR product (n = 4) was 148 cloned separately to construct a clone library, and the nucleotide sequences of randomly 149 chosen clones from each library were determined by dideoxy-cycle sequencing method(Sangar sequencing). In the field experiment (ten samples), two PCR products were combined 151 (n = 5), tagged, and sequenced using the 454 GS-FLX Titanium system (Roche Diagnostics, 152 Tokyo) at Hokkaido System Science Co., Ltd., Sapporo, Japan (454 sequencing distinct difference between the two cultivars is that strong activity corresponding to 176 5-deoxystrigol was observed only in Pioneer 3253. 177
178
Profiling of strigolactone exudation with respect to nutrient deficiency 179
Strigolactone levels in the root exudates were quite low or below the detection limit under the 181 normal nutrient conditions in both cultivars (Fig. 2) . Although SL2 exudation was promotedby N deficiency as well as by P deficiency in both cultivars, the amounts of SL2 exuded in 183 response to the nutrient deficiencies were much greater in the susceptible cultivar Pioneer 184 3253. SL1 exudation was highly enhanced by P deficiency in Pioneer 3253. P deficiency, but 185 not N deficiency, enhanced exudation of sorgomol, particularly in the resistant cultivar KST 186 94. 5-Deoxystrigol was exuded only in Pioneer 3235 under the P-deficient conditions. SL2 187 and SL1 exudations in Pioneer 3235 were generally higher in the early stage (i.e. at 10-d after 188 transplanting) than in the later stage, whereas the exudation of sorgomol in KST 94 and that 189 with the U-soil (Sanger sequencing). In total, 109 phylotypes were defined across seven 204 families: 10 phylotypes in Gigasporaceae, 51 phylotypes in Glomeraceae, 14 phylotypes in 205
Paraglomeraceae, 14 phylotypes in Claroideoglomeraceae, 3 phylotypes in Diversisporaceae, 206 11 phylotypes in Acaulosporaceae, and 4 phylotypes in Archaeosporaceae, in addition to two 207 phylotypes that could not be assigned to any of the known families. Detailed information 208 about the reference sequences and frequencies (clone/read numbers) of the individual 209 phylotypes is presented in Table S3 . Rarefaction curves showed signs of leveling off, 210 suggesting that our sampling provides reasonable coverage of AM fungal richness (Fig. S1) . 211
Phylotype richness (total number of phylotype) and Shannon diversity index were not 212 significantly different between the two cultivars in all experiments (Table S4 ). The DCA 213 sample plot indicated that the communities in the field and those of the two soils in theglasshouse experiments were clearly separated along axis 1 that explained 23.5% of total 215 variance, but separation between Pioneer 3235 and KST 94 was ambiguous in all experiments 216 (Fig. 4) . Two-way PERMANOVA confirmed that growth conditions significantly affected the 217 community compositions (Pseudo-F = 64.903, P = 0.001), but cultivars (Pseudo-F = 0.755, P 218 = 0.491) and their interaction (Pseudo-F = 0.405, P = 0.840) did not. 219
220
Discussion 221
222
The present study for the first time demonstrated that the difference in strigolactone 223 composition has no appreciable impact on compatibility to AM fungi. 5-Deoxystrigol was 224 exuded exclusively in the susceptible maize cultivar that also exuded much larger amounts of 225 SL2 and SL1, whereas the resistant cultivar exuded mainly sorgomol. These results are 226 consistent with the observations in sorghum (Awad et al., 2006; Yoneyama et al., 2010) , 227
suggesting that 5-deoxystrigol may play a key role in the parasite-plant interactions at least in 228 some maize and sorghum cultivars. However, no differential responses of AM fungi to the 229 susceptible and resistant cultivars were observed in the present study, even in the highly 230 P-deficient soil (U-soil) in which differences in the composition and amount of strigolactones 231 might be distinct between the cultivars. These observations suggest that AM fungi respond to 232 structurally different strigolactones similarly, inconsistent with the observations that the 233 hyphal branching-stimulatory activity of 5-deoxystrigol was much higher than sorgomol in 234 the in vitro assay system (Akiyama et al., 2010) . It seems likely that the action of 235 strigolactones in soil, in which the compounds may be degraded much more rapidly than in 236 the in vitro system, is more complex than expected, and a technical breakthrough for the 237 assessment of the activity in the soil system is necessary for understanding of the interactions 238 mediated by strigolactones. 239
One might expect, however, that AM fungi also differentially respond to the two 240 cultivars as Striga spp.; the fungi colonized the resistant cultivar to a lesser extent at the initial 241 phase, but after the establishment of association the colonies extended to the same levels as 242 those in the susceptible cultivar. If this is the case, the communities in the resistant cultivar 243 would be less diverse, because the root exudate would activate fewer spores i.e. attract 244 stochastically fewer species. However, given that AM fungal diversity (richness and Shannon 245 index) was not different between the cultivars, this possibility seems unlikely.
The community compositions of AM fungi were not different between the cultivars, 247 even under the highly P-deficient conditions (i.e. in the U-soil), suggesting that the 248 differences in strigolactone composition are not involved in host specificity/preference in AM 249 symbiosis. This observation further implies that responsiveness to structurally diverse 250 strigolactones did not differentiate among AM fungal species, even during the long history of 251 coevolution with land plants (Phipps & Taylor, 1996; Redecker et al., 2000) . The absence of 252 the differentiation may have important implications in the evolution of the fungi; the lack of 253 specificity to particular strigolactones has maintained the broad host range in individual 254 species, which in turn reduced a risk for extinction and thus has maintain species diversity in 255 the fungi, rather than increasing specificity to particular strigolactones produced by a narrow 256 range of plant species. 257
We demonstrated that the Striga-resistant maize cultivar KST 94 is a compatible 258 host for AM fungi under the field conditions. In Africa, soil fertility is poor, while fertilizers 259 are more expensive than in developed countries. Therefore, the enhancement of nutrient 260 acquisition via AM associations is essential to improve crop productivity. In this context, the 261 present study has significant implications for agricultural production in Africa; of the traits 262 involved in Striga-resistance would not necessarily be accompanied by reduction in 263 compatibility to AM fungi, ensuring that the breeding program is a promising strategy for 264 protection of crops against Striga spp. Whereas the involvement of difference in strigolactone 265 composition in susceptibility/resistance to Striga spp. has not been fully understood yet and to 266 be elucidated. were incubated in the dark for 24 h and then germination rates were measured. The percent 407 germination of the seeds treated with sterile Milli-Q water and 1 µM GR24 (synthetic 408 strigolactone) was 0% and 78%, respectively. 409 in the glasshouse using the soil collected from Hokkaido University (H-soil, triangles) and 433
Utsunomiya University (U-soil, circles). 434
Supporting Information 436
Methods S1 LC-MS/MS analysis 438 HPLC separation was conducted with a LaChromUltra UHPLC instrument (Hitachi, Tokyo, 440 Japan) fitted with an ODS (C 18 ) column (LaChromUltra C 18 , 2 × 50 mm, 2 μm; Hitachi, 441 ugh spin 442 columns (Ultra-443 solutions was injected into the HPLC column connected to a tandem mass spectrometer. The 444 mobile phase was a water-methanol gradient. Separation started at 30% methanol (v/v), 445 followed by a 3-min gradient to 45% methanol, by a 5-min gradient to 50% methanol, by a 446 4-min gradient to 70% methanol, and then by a 3-min gradient to 100% methanol, which was 447 maintained for 5 min, followed by a 1-min gradient back to 30% methanol. The column was 448 equilibrated at this solvent composition for 2 min before the next run. The total run time was 449 23 min. The flow rate was 0.2 ml min -1 and the column temperature was set to 40°C. 450
Mass spectrometry was performed with a Quattro LC mass spectrometer (Micromass, 451
Manchester, UK) equipped with an electrospray source as previously described (Yoneyama et 452 al., 2011) . The transitions of m/z 399 to 302, 371 to 274, 369 to 272, 353 to 256, and 359 to 453 262 were monitored for SL2, SL1 (Jamil et al., 2012) , sorgomol, 5-deoxystrigol, and 454 5-deoxystrigol-d 6 , respectively. Retention times of strigolactones under these analytical 455 conditions were 8.7, 10.6, 12.2, and 14.7 min for SL1, sorgomol, SL2, and 5-deoxystrigol, 456 respectively. Quantification of sorgomol was conducted using natural standard in a manner 457 similar to that described previously (Yoneyama et al., 2007a,b) . For SL1 and SL2, both were 458 found to be mixtures of isomers, peak areas were used for comparison of their quantities. 
